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BiodieselAbstract Biodiesel has been identiﬁed as a potential alternative fuel for CI engines because use
of biodiesel can reduce petroleum diesel consumption as well as engine out emissions. Out of
many biodiesel derived from various resources, biodiesel from Waste Cooking Oil (WCO) can
be prepared economically using usual transesteriﬁcation process. In the present study, in-depth
research and comparative study of blends of biodiesel made from WCO and diesel is carried
out to bring out the beneﬁts of its extensive usage in CI engines. The experimental results of
the study reveal that the WCO biodiesel has similar characteristics to that of diesel. The brake
thermal efﬁciency, carbon monoxide, unburned hydrocarbon and smoke opacity are observed
to be lower in the case of WCO biodiesel blends than diesel. On the other hand speciﬁc energy
consumption and oxides of nitrogen of WCO biodiesel blends are found to be higher than diesel.
In addition combustion characteristics of all biodiesel blends showed similar trends when com-
pared to that of conventional diesel.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Industrialization and growing population have pushed the na-
tion to confront with twin crisis of fossil fuel depletion and
environmental degradation. Indiscriminate extraction and lav-
ish consumption of petroleum reserves have led to reduction of
carbon resources [1]. An alternative energy resource like bio-
diesel from edible and non-edible oils such as soya beans,
jatropha (Jatropa curcas), sunﬂower and karanja (Pongamia
Pinnata), palm and neem has started attracting signiﬁcant
attention of researchers, governments and industries as
282 K. Nantha Gopal et al.renewable, biodegradable, and non-toxic energy source. Sev-
eral studies conducted by researchers identify that biofuels as
a potential alternative fuel for internal combustion engines
[2–5]. They have acclaimed to have zero net production of
CO2 gas in global context. It has been found that engines run-
ning on biodiesel run successfully for longer durations and the
performance and emission characteristics are quite comparable
to that of petroleum based diesel fuel [6–8]. Kalligeros et al. [9]
conducted the test with biodiesel produced from sunﬂower and
olive oils in a single cylinder stationary diesel engine and ob-
served lower particulate matter (PM), carbon monoxide
(CO), unburned hydrocarbon (UBHC) and nitrogen oxides
(NOx) emissions with a slight increase in fuel consumption.
Yuceer et al. [10] investigated the performance and emission
trends of biodiesel obtained from leather industry pre-ﬂeshings
and found that performance trends were quite similar to that
of petroleum diesel with a considerable reduction in particulate
and CO emissions. Conversely use of edible and non-edible
vegetable oil makes the process of production of biofuels
expensive. A study on production of biodiesel from various re-
sources that survey reveals that the feedstock alone costs al-
most 75% of the total cost of production of biodiesel [11].
So cheaper raw materials are required to bring down the cost
of biodiesel.
Repeated frying for preparation of food makes the edible
vegetable oil, no longer suitable for consumption due to free
fatty acid (FFA) content [12]. In addition waste cooking oil
also brings many disposal problems all around the world by
polluting river water, choking of drainage, etc. So, use of
WCO may bring in many beneﬁts if it is used as a fuel source.
Thus production of biodiesel from waste cooking oil is one of
the better ways to utilize it efﬁciently and economically elimi-
nating the disposal related problems [13].
Presently, India produces only 30% of the total petroleum
fuels required and the remaining 70% is imported, which costs
about Rs. 80,0000 million per year. It is evident that mixing of
5% of biodiesel fuel to the present diesel fuel can save Rs.
40,000 million per year. It is also estimated that India can sup-
plement 41.14% of the total diesel fuel consumption, if re-
sources like waste cooking oil and other bio wastes were
used as raw material for biodiesel production [14]. Due to
renewable in nature, low cost and green house gas reduction
potential biodiesel is nowadays incorporated all over the world
especially in developed countries like USA, France, Brazil in
different proportions with diesel.
Waste cooking oil cannot be used directly in diesel engines
as it has higher viscosity, free fatty acid and moisture content
with low volatility leading to severe engine deposits, injectorFigure 1 Transesteriﬁcation reaction.coking and piston ring sticking [15,16]. These undesirable ef-
fects can be removed by transesteriﬁcation of waste cooking
oil. The process of transesteriﬁcation removes glycerin from
the triglyceride molecules present in waste cooking oil and re-
places it with alcohol used in the process. The viscosity is de-
creased without much affecting the cetane number and the
heating values. The chemical reaction of transesteriﬁcation is
shown in Fig. 1. Product of the reaction is methyl ester. In stoi-
chiometric reaction, three moles of carbinol is required for one
mole of triglycerides, however this being a reversible reaction,
excess carbinol is required to shift the equilibrium to the prod-
uct side. The base catalyzed transesteriﬁcation has been se-
lected rather than an acid catalyzed transesteriﬁcation due to
high conversion rate [4–6]. The data on requirement of petro-
leum diesel and availability of waste cooking oil in any country
indicate that biodiesel obtained from waste cooking oil may
not replace petroleum diesel completely. However, a substan-
tial amount of biodiesel fuel can be prepared from waste cook-
ing oil, which would partially decrease the dependency on
petroleum based diesel.
2. Materials and methods of biodiesel preparation
2.1. Source
The primary raw material for biodiesel preparation used is
waste cooking oil, which was collected from different sources
such as hostels, restaurants, canteen and cafeterias. Unneces-
sary impurities in the oil such as solid matter and food residues
were removed using vacuum ﬁltration.
2.2. Prior preparation
The traces of water present in the oil are removed before
transesteriﬁcation process by initial heating. The WCO is
boiled for 20 min to ensure the minimal presence of water in
the oil and to use it for further process.
2.3. FFA neutralization
Soap content is removed in the WCO transesteriﬁcation pro-
cess and correct amount of catalyst has to be added. Various
titrations are performed to determine the amount of catalyst.
The pH of the sample is maintained between 8 and 9 on pH
scale using pH paper. Solution A containing 1 gram KOH
was prepared with 10 ml of water. Another solution B contain-
ing 10 ml of iso-propyl alcohol is prepared with 1 ml of WCO.
Then to get pH between 8 and 9 equivalents of KOH have to
be determined which will neutralize FFA in the oil. This is car-
ried out using drop-wise addition of solution A into solution
B.
2.4. Transesteriﬁcatin of WCO using alkali
An alkali catalysis is required for transesteriﬁcation process
due to the presence of FFA in WCO. The WCO was heated
up to 60 C in ﬂat bottom ﬂask in order to prevent evaporation
of methanol from the solution. The amount of KOH required
(in grams) to be poured into reaction vessel, is obtained by
adding FFA neutralization to a standard KOH solution.
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Then, 1 l of ﬁltered WCO is poured into the reaction vessel and
heated with continuous stirring using a magnetic stirrer. When
the temperature reaches 60 C, 120 ml of solution C is poured
into the reaction vessel and constant temperature is maintained
for one hour. The entire solution is put in separating funnel for
six hours to retrieve glycerol and WCO methyl ester layerwise.
Recovered methyl ester is again subjected to the same proce-
dure with 80 ml of solution C to remove traces of glycerol in
order to achieve rich quality of biodiesel (WCME). Different
blends of biodiesel (WCME20, WCME40, WCME80 and
WCME100) are prepared for conducting experiments on CI
engine to investigate its performance and emission characteris-
tics. The fuel properties of blends along with petroleum diesel
are listed in Table 1.
3. Experimental setup
In the present study, a constant speed, single cylinder,
4-stroke, air cooled DI diesel engine designed for agricultural
purpose was used to test the fuels. The schematic arrange-
ment of the experimental setup is shown in Fig. 2. The en-
gine is coupled to an air cooled eddy current dynamometer.
Using a load cell the engine torque was measured. Load onFigure 2 Schematic diagram
Table 1 Fuel properties.
S. no Fuel Kinematic vat 40 C (Cst) Fl
1 WCME20 5.2 65
2 WCME40 5.4 78
3 WCME80 5.7 80
4 WCME100 6.1 94
5 Diesel 4.2 50the engine is varied with the help of a digital controller pro-
vided with the dynamometer. Fuel ﬂow rate was measured
using standard burette apparatus. Exhaust gas temperature
was measured using K-type thermocouple. The exhaust gas
emissions such as CO, HC, NOx and fuel–air equivalence ra-
tio were measured using a AVL digas 444 exhaust gas ana-
lyzer. The smoke opacity was measured by AVL 437C
smoke meter. Table 2 shows the speciﬁcations of the engine.
AVL pressure transducer GH14D/AH01 along with AVL
INDIMICRA 1602-T10602A cranke angle encoder was used
for combustion analysis. The experiments are carried out
with ﬁxed injection timing of 23 bTDC at an injection
pressure of 200 bar. The engine performance parameters
such as brake thermal efﬁciency, engine out emissions,
smoke opacity are recorded during the test. Engine
was run at 1500 rpm and load was varied from no load to
maximum load in 5 steps.
4. Results and discussions
4.1. Performance analysis
Various engine performance characteristics such as BTE, SFC,
SEC and engine out emissions such as CO, UBHC, NOx andof experimental setup.
ash point (C) Speciﬁc gravity Caloriﬁc value kJ/kg
0.860 42900
0.865 41700
0.875 40200
0.900 39600
0.840 44500
Table 2 Engine speciﬁcations.
Type of engine Four stroke, vertical
air cooled diesel engine
Number of cylinders Single
Bore/stroke 87.5/110
Compression ratio 17.5:1
Rated power 4.4 kW
Rated speed 1500 rpm
Injection timing 23
Injection pressure 200 bar
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Figure 4 Variation of speciﬁc energy consumption with brake
power.
284 K. Nantha Gopal et al.smoke were analyzed for all blends of biodiesel along with
fuels with petroleum diesel at different engine loads.
4.1.1. Speciﬁc fuel consumption (SFC)
The speciﬁc fuel consumption of various biodiesel blends and
petroleum diesel is shown in Fig. 3. It is observed that SFC is
higher for all WCME and its blends than diesel under various
loading conditions. SFC is 0.351 kg/kW h for WCME100 and
is 0.275 kg/kW h for diesel fuel. This is due to high viscosity,
density and lower heating value of biodiesel. Speciﬁc fuel con-
sumption is not a rational parameter to compare the perfor-
mance of fuels having different caloriﬁc values. A more
relevant parameter to compare engine parameter is speciﬁc en-
ergy consumption.
4.1.2. Speciﬁc Energy Consumption (SEC)
Fig. 4 shows the variation of SEC with respect to brake power
for various WCME blends and petroleum diesel. When fuels
with different heating value are tested, it is better to compare
the speciﬁc energy consumption instead of speciﬁc fuel con-
sumption. It is observed that, as the load increases, SEC of
all fuels decreases. At full load condition, the difference in
SEC of all biodiesels (WCME20, WCME40, WCME80 and
WCME100) and diesel was found to be marginal. This may
be attributed to the combined effect of lower heating value,
higher density and viscosity of WCME.
4.1.3. Brake Thermal Efﬁciency
Brake Thermal Efﬁciency (BTE) is the ratio of brake power to
the energy released during the combustion process. Fig. 5
shows the variations of brake thermal efﬁciency of biodiesel
and its blends with respect to diesel fuel. It was found that
BTE of WCME and its blends is slightly lower than that of 
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Figure 3 Variation of brake speciﬁc fuel consumption with
brake power.diesel fuel, the maximum BTE of diesel fuel is 30% and those
of WCME100 is 26%. This is due to WCME’s lower heating
value, higher density and increased viscosity which leads to
poor atomization and fuel vapourization. Similar results were
also reported in [17].
4.2. Emission characteristics
4.2.1. Unburned hydrocarbon emission
The unburned hydrocarbon emission trends for all biodiesel
blends and diesel are shown in Fig. 6. It is shown that UBHC
emissions decrease with increasing WCME percentage in the
blend. It is also observed that UBHC emission increases as
the load of the engine was increasing with diesel and blends
of WCME as the result of increase in fuel consumption at high
engine loads. A 57% reduction of UBHC in the case of
WCME100 as compared to diesel indicates better combustion
of WCME. WCO biodiesel involves high oxygen content,
which leads to more complete combustion [18].
4.2.2. Carbon monoxide emission
Fig. 7 gives the comparison of the carbon monoxide (CO)
emission of biodiesel and its blends with conventional diesel.
CO is one of the intermediate compounds formed during the
intermediate combustion stage of hydrocarbon fuels. CO
formation depends on air fuel equivalence ratio, fuel type,
combustion chamber design, starting of injection timing,
injection pressure and speed. Experimental results reveal that
CO concentration of biodiesel and its blends is 59%, 38%,
35% and 31% lesser for WCME20, WCME40, WCME80
and WCME100, respectively, when compared to diesel fuels
operation. The results for the CO emissions are in-line with
most of the literature [17–19]. This is due to the oxygen content
in biodiesel which allows more carbon molecules to oxidize
when compared with diesel fuel.
4.2.3. Oxides of Nitrogen Emission
The variation of Oxides of Nitrogen (NOx) concentration with
load for biodiesel blends and diesel is shown in Fig. 8. The for-
mation of NOx in the cylinder is affected by oxygen content,
combustion ﬂame temperature and reaction time. NOx forma-
tion of all biodiesel and blends is slightly higher than that of
diesel fuel and NOx content of WCME100 is 18.33% higher
than conventional diesel fuel under full load condition. It is
also observed that as load increases, the NOx formation
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Figure 5 Comparison of brake thermal efﬁciency with brake
power.
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Figure 6 Variation of UBHC emission with brake power for
various blends and diesel.
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biodiesel blends and diesel.
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Figure 9 Variation of smoke opacity with brake power.
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is due to higher temperature of combustion and the presence
of oxygen with biodiesel cause higher NOx emission. The
NOx obtained in this study follows the trends as reported by
Nabi et al. [20].
4.2.4. Smoke opacity
The smoke opacity of all the fuels used in this study is shown
in Fig. 9. From the ﬁgure it can be seen that the smoke content
of biodiesel and its blends are 24% higher than that of diesel
fuel at low and middle engine loads. This is due to highviscosity of biodiesel, which results in poor atomization and lo-
cally rich mixtures at part load operations. But, at high engine
load, smoke opacity of all biodiesel blends is lower than diesel
fuel. It is because of low C/H ratio and oxygen content of bio-
diesel compared to conventional diesel fuel [21].
4.3. Combustion characteristics
Combustion characteristics of WCME biodiesel can be ex-
plained by cylinder pressure, peak pressure and heat release
rate. Fig. 10 shows the variation of cylinder gas pressure with
crank angle for all blends of WCME and with diesel fuel at
100% full load. Cylinder pressure characterizes the ability of
the fuel to mix well with air and burn. The pressure waves in
the cylinder during combustion indicate engine noise. All bio-
diesel blends of WCME20, WCME40, WCME80 and
WCME100 follow similar cylinder gas pressure trends to that
of diesel fuel under full load condition. The peak cylinder pres-
sures are 6.70 MPa, 6.74 Mpa, 6.79 Mpa, 6.8 Mpa and
6.39 Mpa for WCME20, WCME40, WCME80, WCME100
with diesel fuel respectively at full load conditions. It can be
observed from the Fig. 10 that peak cylinder gas pressure oc-
curred within the range of 7–10 CA ATDC for all biodiesel
and with diesel fuel. Similar results observed by Rao et al.
[19]. The comparison of heat release rate variations for biodie-
sel and its blends with diesel fuel at 100% full load is shown in
Fig. 11. Heat release pattern of a fuel is helpful to get some
valuable information about the combustion process in an
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286 K. Nantha Gopal et al.engine such as start of combustion timing and heat release rate
at different crank angles. It can be observed that WCME and
its blends experience similar combustion stages as diesel fuel at
full load condition. But the premixed combustion rate of all
biodiesel and its blends are slightly higher than diesel fuel
and main combustion rate of diesel fuel is marginally higher
than all biodiesel and its blends. This is due to the accumula-
tion of large amount of diesel fuel in the combustion chamber
at the time of premixed combustion phase, which resulted in
higher heat release rate at full load condition [22].
5. Conclusion
In the present investigation, the performance, emission and
combustion characteristics of a direct injection compression
ignition engine fueled with waste cooking oil methyl esters
and their blends have been discussed and compared with diesel
fuel. Results of the present work are summarized as follows:
1. The diesel engine can perform satisfactorily on biodiesel
and its blends with the diesel fuel without any engine
modiﬁcations.
2. The SEC increases with change in percentage of biodiesel in
the blends due to the lower heating value of biodiesel.
3. It is also observed that there is signiﬁcant reduction in CO,
UBHC and smoke emissions for biodiesel and its blends
compared to diesel fuel. However, NOx emission of WCME
biodiesel is marginally higher than petroleum diesel.It can be concluded that WCO biodiesel could replace the
diesel in order to help in controlling air pollution, encouraging
the collection and recycling of waste cooking oil to produce
biodiesel and reduce the dependency on fossil fuel resources
to some extent without sacriﬁcing engine performance.
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